The reduction-oxidation cycling of the nickel-based oxides in composite solid oxide fuel cells and battery electrodes is directly related to cell performance. A greater understanding of nickel redox mechanisms at the microstructural level can be achieved in part using transmission x-ray microscopy ͑TXM͒ to explore material oxidation states. X-ray nanotomography combined with x-ray absorption near edge structure ͑XANES͒ spectroscopy has been applied to study samples containing distinct regions of nickel and nickel oxide ͑NiO͒ compositions. Digitally processed images obtained using TXM demonstrate the three-dimensional chemical mapping and microstructural distribution capabilities of full-field XANES nanotomography. © 2011 American Institute of Physics. ͓doi:10.1063/1.3574774͔
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The reduction-oxidation ͑redox͒ cycling of the nickelbased oxides in composite solid oxide fuel cell ͑SOFC͒ anodes, lithium ion battery cathodes and nickel oxide supercapacitors is critical to the performance of these electrochemical systems.
1-8 For SOFCs, reoxidation of the Ni electrocatalyst may occur due to air entrainment in the fuel stream, imperfect sealing, and ionic current ͑O 2− ͒ supplied to fuel depleted regions, 1-6 leading to an increase in internal stress and ultimately cell failure.
1,2,6 Supercapacitors based on porous NiO demonstrate complex microstructural morphologies and operation that relies on changes in the electronic state of the solid matrix. 8, 9 The electrochemical response of such supercapacitors may vary over multiple charge/discharge cycles depending on film geometry and microstructure. 9 Lithium deintercalation in the LiNiO 2 cathodes of lithium ion batteries has been studied directly using transmission-based x-ray absorption near edge structure ͑XANES͒ to discern the electronic structure of the Li x NiO 2 phase 7 and could be further elucidated by applying the full field nanotomography techniques presented.
Bulk and micro-XANES measurements have been compared with nanotomography measurements to correlate the spectroscopic data ͑i.e., speciation and chemistry͒ in biological samples with the microstructures identified by reconstructed volumetric data. 10, 11 More direct XANES tomography measurements may be conducted using scanning or fullfield TXM techniques. Schroer et al. 12 used microbeam x-rays to perform scanning XANES tomography measurements to map copper and its oxides in CuO/ZnO catalysts subjected to redox cycling. Rau et al. 13 demonstrated fullfield XANES tomography at 2 -3 m resolution by distinguishing Mo oxidation states in separate MoO 3 and MoSi 2 samples. Substantial progress in spatial resolution has been achieved in transmission x-ray microscopy ͑TXM͒, [14] [15] [16] in particular for the hard x-ray regimes, presenting new opportunities for full field XANES nanotomography. Here we demonstrate the use of this technique to investigate oxidation states for hard materials such as the SOFC at the nanoscale.
Full-field XANES nanotomography for heterogeneous nanostructured materials used in energy applications is demonstrated herein using composite Ni/NiO samples. The samples were composed of 2.54 m thick Ni foil ͑Alfa Aesar, 99.95% pure͒ and NiO powder with a 0.5-1.5 m particle size ͑Fuel Cell Materials, 99.99% pure͒. Measurements a͒ Electronic mail: wchiu@engr.uconn.edu. Tel.: 1-860-486-3647.
FIG. 1. ͑Color online͒ Schematic of the TXM setup applied in the full field XANES nanotomography experiments. Monochromatic x-rays are focused onto the sample using a capillary condenser. Beamstop and pinhole block out the unfocused x-rays. The sample is positioned with a stage capable of rotation and three-axis translation. For tomography measurement, the sample is rotated in the beam path and a series of absorption images is taken. Facilitating XANES implementation, a varied focal length of the zoneplate objective lens is used to obtain the magnified image of the sample over the investigated energy range. Images are captured using a high resolution charge-coupled device ͑CCD͒ system. were conducted at the Advanced Photon Source ͑APS͒ beamline 32-ID-C, and at the Stanford Synchrotron Radiation Lightsource ͑SSRL͒ beamline BL6-2c. The general TXM configuration used on both beamlines is shown in Fig.  1 . Additional details on sample preparation and the TXM are available in the Ref. 24 and in the literature. [14] [15] [16] The full-field XANES nanotomography technique applies transmission-based near edge spectra to identify energy levels of interest for subsequent nanotomography measurements. Figure 2 shows spectra from Ni and NiO samples obtained at the APS. The spectra obtained compare well with results in the literature. 17, 18 These spectra were also corroborated by reproducing the spectrum of the overlapping NiNiO region using a linear combination of the Ni and NiO results, indicated by the dashed red line in Fig. 2 . The calibration performed on the foil and powder shows a common peak in the absorption spectra at 8350 eV, which serves as a reference point for comparing the spectra and distinguishing between the oxidation states of the Ni foil and NiO powder. Additional features can be identified in the spectra where changes in the absorption characteristics of each material relative to the common peak enable separation of the phases present in the sample. The distinct absorption characteristics at 8350 eV and the other noted energy levels are clearly evident in the four absorption images accompanying the XANES spectra in Fig. 2 . Regions of Ni foil, NiO powder, and overlapping Ni-NiO are particularly distinct at 8334 eV and 8370 eV. Determining the distinct features in the XANES spectra enables targeted tomographic scans at the energy levels of interest, which were carried out as the third and final step of the XANES nanotomography analysis.
Full field XANES nanotomography experiments have been carried out on samples composed of Ni foil and NiO powder at the SSRL. A representative transmission image of the scanned sample, taken at the Ni white line peak, is shown in Fig. 3͑a͒ with a region of interest ͑ROI͒ highlighted in red. At this energy level comparable absorption is seen for the Ni and NiO. The capability for full field XANES tomography to achieve chemical mapping of the oxidation states that could occur in an SOFC anode is further demonstrated in the reconstructed image of the ROI shown in Fig. 3͑b͒ . The gray solid indicates the Ni foil and the green solids indicate the NiO powder. The identification of distinct phases is clearly evident.
The volumetric nanotomography data obtained at the SSRL were reconstructed and segmented for further analysis 19, 20 as detailed in Ref. 24 . The resulting digitized structures enable quantification of phase sizes, interfacial areas, and phase contiguity associated with the microstructural effects of redox cycling. As an example of such an analysis, the phase sizes of the final digitized form of the sample shown in Fig. 3͑b͒ were characterized. The phase size distributions ͑PSDs͒ for Ni foil and NiO regions of the sample, shown in Fig. 3͑c͒ , were calculated using ray tracing methods developed for microstructural characterization of SOFC electrodes, 21, 22 and verified to be independent of sample volume size ͑Ref. 24, Fig. S2͒ . Each PSD represents the contribution a given phase diameter provides to the total volume fraction of the phase in question. The material specifications suggest that the Ni foil has a thickness of approximately 2.54 m. This expectation is confirmed by a PSD concentrated in the 2 -3 m range with an average value of FIG. 2. ͑Color online͒ The distinction between oxidation states is enabled by image subtraction at the energy levels associated with the primary features in the spectra. Transmission images taken at x-ray energies of 8326, 8334, 8350, and 8370 eV illustrate the capability to distinguish Ni oxidation states. Representative regions of each material ͓Ni ͑A͒, and NiO ͑B͒, and overlapping Ni-NiO ͑C͔͒ are highlighted at 8334 eV. A linear combination of the Ni and NiO spectra, shown as the red dashed line, reproduces the spectrum for the region of overlapping Ni-NiO and corroborates the spectra obtained. FIG. 3 . ͑Color online͒ A single transmission image ͑a͒ taken from the series of images that comprise the tomographic scan of a Ni foil/NiO powder sample with the ROI highlighted in red. The image is shown in absorption mode. The sample is reconstructed from the transmission images and converted to a digitized form ͑b͒ for further analysis. The PSDs calculated for the ROI provide a close match to the expected sizes of the Ni foil ͑2.28 m thickness͒ and NiO powder ͑d avg = 0.45 m͒. 2.28 m. The lower average size may be due in part to deformation of the foil edges during sectioning. The NiO powder analyzed has an average phase diameter ͑0.45 m͒ which is around the range specified by the manufacturer ͑0.5-1.5 m͒. The phase sizes distributed in the submicron range are somewhat smaller than expected phase sizes, which may be related to the finer microstructure of irregular particles and the method of sample preparation. For composite sample preparation Ni foil was dragged through loose NiO powder, which is attracted and adheres to the surface due to electrostatic force. The smaller particles are more likely to be pulled to and held on the foil surface. Thus the sample preparation favors smaller particles. Full field XANES nanotomography was applied to determine the near edge characteristics of Ni and NiO samples. Subsequent nanotomography measurements of samples containing a combination of Ni/NiO material were carried out at energy levels corresponding to key features in the observed near edge spectra. Tomographic image reconstruction and processing techniques were applied to the full field XANES image stacks to achieve three-dimensional mapping of NiNiO phases within the entire imaged volume. The imaged samples were prepared as a means of simulating the mixture of materials that are present in SOFC and battery electrodes. The nondestructive nature of the x-ray nanotomography measurements allows for sample preservation and can facilitate in situ observation of SOFC and battery electrodes in controlled oxidizing or reducing environments and under operational conditions such as applied current loads. Such measurements could realize the direct three-dimensional observation of nickel oxidation and the structural modification due to lithium deintercalation phenomena. Thus the work presented demonstrates full field XANES nanotomography as a technique that enables investigation of microstructural and chemical evolution in energy materials. 
